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The knowledge of reactor antineutrino spectra is necessary for the interpretation of weak-interaction
experiments located at nuclear reactors. %e calculate the antineutrino and electron spectra accompanying
thermal neutron fission of "'U and "'Pu for various irradiation. times. It is stressed that the higher energy
part (E ~ 4 MeV) of the spectra depends sensitively on the P-decay characteristics of fission products with
experimentally unknown decay schemes. %e also discuss the accuracy of a semiempirical conversion of the
electron spectrum into the antineutrino spectrum, The resulting v, spectra are used to calculate cross sections
and reaction rates for the inverse neutron P decay, weak charged and neutral current induced deuteron
disintegration, and the antineutrino-electron scattering.

I

RADIOACTIVITY, FISSION 3 U, 39Pu; Antineutrino and electron spectra calcu-
E la.ted. 0 for v induced xeactions analyzed.

l. INTRODUCTION

TABLE I. Reactor antineutrino-induced reactions.

Reaction
Threshold

o'«, in 10 cm /fission' in Mev

v+p n+8
v+d -n+n+e+
v+d n+p+ v

v+8 ~v+8

60
1.2
2.9
0.4'

1.8
4.0
2.3
1.7

' Based on our present calculation of the antineutrino
spectrum for 30 days exposure time.

b For the Weinberg-Salam theory with sin 8~=0.25.2

' This is a "practical" threshold assuming that elec-
trons with kinetic energy below 1.5 MeV are impossible
to observe.

Valuable information about the structure of weak
neutral and charged currents can be derived from
the study of neutrino-induced reactions. These
reactions may be also used as a source of infor-
mation about the fundamental properties of the
neutrino, ' such as possible neutrino oscillations.
Nuclear reactors, as sources of electron anti-
neutrinos, give fluxes of the order -10" v/cm' sec
at distances - j.o m from the reactor core. These
antineutrinos have an energy spectrum peaked at
very low energies (-0.3 MeV) and extending up to
-10 MeV, characteristic of the P decay of the
fission products.

Table I lists the antineutrino-induced reactions
studied at nuclear reactors. Three of the reac-
tions listed in the Table mere actually observed.
The first one, the inverse P decay of the neutron,
was observed in the pioneering work of Reines
and his collaborators. The most recent measure-

ment of the total cross section' has an accuracy
of 15/q. The charged current deuteron disintegra-
tion was observed by Jenkins et a/. ' with -50/g
accuracy, and P-electron scattering was recently
observed by Reines et al.' with 25/o accuracy. All
four reactions listed in the Table are currently
being studied again in a new generation of experi-
ments, and more detailed information is expected.
For example, it seems feasible to determine not
only the total cross section of the inverse neutron
P decay, but also the positron spectrum with ac-
curacy better than 10%.

In order to make useful conclusions about the
underlying fundamental weak interactions, one has
to know the spectrum of antineutrinos impinging on
the target, with accuracy comparable to, or better
than, the accuracy of the measured cross sections.
Thus a considerable 'effort was devoted in the past
to the problem of determining the antineutrino
spectra.

There are basically two methods of approach.
The first one, developed in Refs. 5 and 6, uses
the experimentally determined electron spectrum
and converts it into the antineutrino spectrum.
%e shall discuss this method in greater detail in
Sec. III. The second method is seemingly the
obvious one. A catalog of all fission fragments
and their yields is made, including all the P-decay
branches. Using the allowed Coulomb corrected
spectral shape, one adds the contributions of all
of them. Such a calculation was first performed
by Perkins and King. ' Later calculations, with
more complete experimental data, were reported
by Avignone and his collaborators, Refs. 8-10,
and by Borovoi, Dobrynin, and Kopeikin. " The
main problem, as mill be seen below, is insuffi-
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c&ent knowledge of P-decay schemes of fission
fragments with large Q values and correspondingly
short lifetimes.

In this work we report the results of our calcu-
lations of antineutrino spectra and their application
to the interpretation of antineutrino-induced reac-
tions. Our results differ substantially from those
of Refs. 9-11. We also believe that the previously
reported theoretical uncertainties' are too opti-
mistic, and we attempt to estimate these uncer-
tainties in a more realistic way. Preliminary re-
sults of our work mere reported earlier. "

While our calculations were in progress, we
learned that another group, Rudstam and Aleklett, "
also calculated the reactor antineutrino spectra.
Their conclusions are quite similar to ours; in
particular, they predict fewer high energy anti-
neutrinos than Refs. 9-11.

In the past it was customary to normalize the
calculated spectra and cross sections per fission,
antineutrino. However, while the number of fis-
sioning nuclei per second is usually accurately
known, the total numb. er of antineutrinos is much
more uncgrtain. Moreover, as seen in Table I,
only the approximately 30%%ug of P's with energies
above -2 MeV are relevant for our purpose. Thus,
in the following me report all our results "per
fission" and avoid the largely. misleading normali-
zation "per antineutrino. "

II. CALCULATION OF THE SPECTRA

The antineutrino spectrum is given by

N(E„)=Q I'„(Z-,A, t) Q b„;(E,')P(E-„,Eo, Z).

Here I'„(Z,A, t) is the "effective" cumulative
fission yield of the nucleus Z, A (possibly isomeric
state) after exposure time t. In our calculation we
have used the thermal neutron fission yields of the
nuclear data file ENDF/B-V (Evaluated Nuclear
Data File version V).'~ The effect of delayed neu-
trons was included explicitly. The transmutations
of fission fragments by reactor neutrons was also
included; a neutron flux of 3 && 10"n/cm2 sec was
assumed. The fission yields of the nuclei with
large Q values are almost independent of this ef-
fect.

The quantities b„,.(E,') in Eq. (1) are branching
ratios for the ith branch with the maximal elec-
tron energy E,'= Q„m,+c' —E,'„„where Q„ is the
Q value of the species n, and E,'„,is the excitation
energy in the daughter nucleus. They are nor-
malized such that Z;b„,(zo) = 1, except for iso-
meric states, where the sum is smaller than one

due to the y decay.
We assume that aLL branches have the allowed

spectral shape, i.e.,

P(E „,E-„Z)= kz „'(E-, -Z-„)'G(Z, -Z-„,Z), (2)

where P is normalized to unity (k is the normali-
zation constant). The function G in Eq. (2) is re-
lated to the usual Fermi Coulomb function. It
depends on g and on the total electron energy
E, =E, -E-, (Pt, is the electron. momentum):

G(z„z) =- p, /z, F(z„z) . (3)

b(z, ) = k' p(Q + m, c' -Z, )f(E„Z+ 1),
where k' is the normalization, p(E,„,) is the nu-
clear level density, and f(E„Z+1) is given by
(note that Z is the parent nucleus charge)

Ep
f(Z. , Z 1) =

Ji E, '(Z. Z,)'-
mz C2

&& G(EB,Z+ l)dzs .

(4)

In our calculation me usually use a simple analytic
approximation to G which agrees to within -6'%%uo

with the corresponding exact expression.
We used the p-decay data of ENDF/B-IV. "

This file contains 710 fission products (including
isomers), of which about 200 have complete ex-
perimentally determined decay schemes. The
remaining ("unknown") were treated in the follow-
ing way:

(a) The Q values were checked and replaced by new
experimental or systematic data whenever appro-
priate.

(b) For -60 nuclei the continuous p-feed distri-
butions of Aleklett et al."were used. These ad-
ditional nuclei contribute -20%%uo of the neutrino
spectrum for energies above 4 MeV.

(c) For the remaining nuclei, out of which -80
have large enough yields and Q values to contri-
bute significantly to v spectra above 4 MeV, var-
ious prescriptions were used, as described be-
low.

n the pa.st a, simple two branch formulas,
was used for the nuclei with unknown branchings.
It wa, s assumed that there are no branches to
levels above the pairing energy in the daughter
nucleus (except for the odd-odd daughter nuclei).
$uch a prescription probably overestimates the
actual branching with large end point energies,
as demonstrated by the experimental results of
Ref. 15.

Thus we adopted the assumption" that the aver-
age reduced transition rate is constant, inde-
pendent of the excitation energy in the daughter
nucleus. This leads to the following expression
for the P-feeding probability:



REACTOR ANTINEUTRINO SPECTRA AND THEIR. . . 2261

b(E,) = o.' .
S &P

(6)

The values of e' were found by averaging the re-
sults of Ref. 15. We use z' =1 for odd-odd daugh-
ters, o, '=0.53 for nuclei with Q -P~ 5 MeV and
A. & 110, o' =0.36 for Q -P~ 5 MeV and A & 110,
and o.' = 0.28 for the remaining nuclei. The re-
maining branching 1 —n' was equally distributed
among three hypothetical states with energies 0,
P/3, 2PI3.

That the average reduced transition rate is ap-
proximately constant is an empirical fact which
follows from the study" of neutron-rich fission
products with large Q values, i.e., the nuclei
similar to the "unknown" set. Two opposing in-
Quences affect the transition rate. The level den-
sity used in Eq. (4) is an overestimate, because
only states obeying the quasiparticle selection
rules contribute to P decay. On the other hand,
one expects an increase of transition rate with
excitation energy as unhindered configurations,
or the giant Gamow-Teller resonance, become
populated. It is our belief that the just described
prescription for estimating the unknown branching
ratios is more realistic than those used before in
the literature.

Examples of the calculated antineutrino and
electron spectra are shown in Tables II and III.

For the nuclear level density we used the formula
of Ref. 15 and the parameters of Ref. 16, evaluated
for I =1 as a typical spin value. The final result
is only weakly dependent on this assumption (the
spectrum changes by at most 1'fo when I = 1 is re-
placed by I = 3). Formula (4) is used for excita-
tion energies above the pairing energy P and the
b(E,) for these energies are normalized to

Columns 2-4 in both Tables are based on the
present prescription for treatment of the unknown

decay schemes. They illustrate the dependence of
the spectrum on the exposure time. Note that at
higher energies (E ~ 3 MeV) the spectra are es-
sentially independent of the exposure time. Indeed,
the high-energy electrons and v's come from the

p decay of fission fragments with large Q values
and correspondingly short lifetimes. Such nuclei
reach equilibrium in a short time, and their fis-
sion yields in Eq. (1) are simply the correspond-
ing cumulative yields.

Columns 5 and 6 in both Tables illustrate the
sensitivity of the results to the prescription used
for treatment of unknown nuclei. In particular,
column 6 shows the upper bound spectrum, where
we assumed (unrealistically) that all unknown

nuclei decay directly to the ground state. The
results in column 5 were obtained using our data
file together with the two-branch prescription of
Ref. 8. The differences between these results and
Ref. 8 are apparently caused by the differences in
input data. In particular, we include as "known"
the nuclei studied in Ref. 15.

The last columns in Tables II and III show the
P, and electron spectra corresponding to the ther-
mal neutron fission of Pu. As noted earlier' '

such spectra are considerably softer. Thus, for
practical applications it is very important to know
the relative amount of "'U and "'Pu fission for
each particular experiment.

In column 7 of Table II we show the latest re-
sults of Avignone and Hopkins. " Their spectrum
contains considerably more high energy P, 's than
in any other similar calculation.

The electron spectra accompanying fission may
be directly measured. However, only a few ac-
curate measurements were performed for "zero

TABLE II. Antineutrino spectra.

Energy
Me V

U exposure time
3 hours' 3P days' 3 years

Avignone
prescr iption

Ground state Avignone
prescription Purdue

'"Pu
7 days exposur'e ~

1.0
1.5
2.0
2.5
3.0
4 p

5.0
6.0
7.0
8.0

1.56
1.35
1.05
V.66(-1)
5.V2(-1)
2.69(-1)
1.02(-1)
3.50(-2)
1.01(-2)
l.sv(-3)

2 ~ 23
1.56
1.16
S.19(-1)
5.93(-1)
2.73(-l)
1.O3(-1)
3.50(-2)
1.O1(-2)
l.sv(-3)

2.38
1.65
1'.21
8.42(-1)
5.95(-1)
2.73(-l)
1.O3(-1)
3.5O(-2)
1.01(-2)
1.8v(-3)

2.12
1.55
1.18
S.51(-1)
6.33(-1)
2.96(-1)
1.12(—1)
4.14(-2)
1.27{-2)
2.78{—3)

2.10
1.53
1.18
8.61(-1)
6.44(-1)
3.19(-1)
1.37(-1)
5.25(-2)
1.V4(-2)
4.91(-3)

1.64
1.33

7.41(-1)
3.58(-1)
1.37(-1)
5.V3(-2)
1.94{-2)
5.85(-3)

2.07
1.34
9.82(-1)
6.81(-1)
4.88(-1)
2.O3(-1)
6.vv(-2)
2.os(-2)
5.O3(-3)
8.14(-4)

Present prescription for unknown decays (see text).
30 days exposure time, unknown decays treated with the two-branch prescription of Ref. 8.
30 days exposure time, nuclei with unknown decays allowed to decay only to the daughter ground state.
Calculated spectrum of Ref. 10.
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TABLE III. Electron spectra.

Total
energy

Me V
U exposure time Avignone Ground state

3 hours 30 days ' 3 years ' prescription prescription ' Univ. of Illinois
exp.

"'Pu
7 days exposure '

1.0
1.5
2,0
2.5
3.0
4 0
5.0
6.0
7.0
8.0

1.93
1.49
1.10
7.85(-1)
5.62(-1)
2.52(-1)
9.36(-2)
3.»(-2)
9.04(-3)
1.71(-3)

2.87
1.81
1.23
8.43(-1)
5.87(-1)
2.56(-1)
9.46(—2)
3.18(-2)
9.04(-3)
1.71(-3)

2.99
1.92
1.28
8.67(-1)
5.95(-l)
2.56(-1)
9.46(-2)
3.18(-2)
9.04(-3)
1.71(-3)

2» 7 ILj

1.78
1,24
8.78(-1)
6.24(-1)
2.78(-1)
1,04(-1)
3.75(-2)
1.14(-2)
2.50(-3)

2.72
1.76
1.24
8.84(-1)
6.36(-1)
3.00(-1)
1.26(—1)
4.74(-2)
1.54(-2)
4.40(-3)

2.72
2.09
1.37
9.10(-1)
6.08(—1)
2.73(-l)
1.06(-1)
3.95(-2)
1.35(-2)
4.00(-3)

2.65
1.57
1.04
7.03(-l)
4.79(-1)
1.89(-1)
6.17(-2)
1.89(—2)
4.56(-3)
7.57(-4)

Present prescription for unknown decays (see text).
30 days exposure time, unknown decays treated with the two-branch prescription of Ref. 8,
30 days exposure time, nuclei with unknown decays allowed to decay only to the daughter ground state.
Experimental spectrum of Ref. 17, 3 hours exposure time.

cooling time" relevant for our calculations.
Column 7 of Table III shows an example of such
a spectrum measured by Tsoulfanidis et al." Our
calculated spectru~ for the same three hour ex-
posure time does not agree very well with the
data, particularly at lower energies (E & 2 MeV).
Actually, we verified that at these low energies our
calculations predict -30% fewer electrons at all
exposure times t & 8 hours, independent of the
prescription used for the unknown nuclei. The
situation is better at higher energies, which are
more relevant for the antineutrino reactions. For
2&E & 6 MeV the calculated spectrum using our
prescription (column 2, Table III) is only -10%
below the data. " We ca,n only speculate about the
source of the low energy discrepancy. Let us
note, however, that the experimental electron
spectra were actually determined in two separate
experiments. The low energy data come directly
from Ref. 17, while the high energy electrons
were measured earlier" and reanalyzed. It seems
that the earlier spectra of Ref. 18 contain fewer
electrons than the corresponding numbers in Ta-
bles I and II of Ref. 17. The discrepancy between
the exposure time dependence of the low energy
electron spectra calculated by us and measured in
Refs. 17 and 18 stresses the need of new accurate
measurements.

There are various sources of uncertainty in the
resulting spectra. One possible source of error is
the actual experimental error in branchings for
known nuclei, and in the fission yields and Q
values of all nuclei. Another source of error is
associated with the expe'rimental continuous P-
feed distributions of Aleklett et al." We did not
attempt to include these uncertainties in our

analysis, but we estimated that the corresponding
error is about 10% and that it does not vary sub-
stantially with the neutrino (electron) energy. In
our judgment the major uncertainty is related to
the value n' [Eq. (6)] characterizing the P feeding
above the pairing energy. Figure 1 illustrates the
corresponding spread of the resulting spectrum.
The error in e' was estimated from the width of
the e' distribution of nuclei studied in Ref. 15.
Thus we used 40% uncertainty in n' for Q —P& 5

MeV and 80% uncertainty in n' for Q —P & 5 MeV.

lOi—

io'-

) )o-I

la

IO

(Q 4 5

E-. (Mev)

FIG. 1. Upper and lower limits of the present calcu-
lated antineutrino spectrum (dashed curves) —see text for
explanation. The full curve shows, for comparison, the
spectrum calculated in Ref. 10.
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1.0- b(E, I

0.5-
0.2—

0.1—
I I I I I I I

1 2 3 4 5 6 7
E-„(Meu)

FIG. 2. The relative role of unknown" nuclei at vari-
ous antineutrino energies. 'f" is the fraction of the
antineutrinos emitted from nuclei with unknown decay
schemes. The full curve corresponds to the ground
state decay of unknown nuclei; the dashed curve was
calculated with the two-branch formula of Ref. 8; dot
and dashed curve calculated with the present prescrip-
tion, Eq. (4}.

O, I—
1
I ~ ~ 1
L.

I I

4

F,„,(Mev}

I
I

I
L

1
6 7

Figure 1 also shows how far the spectrum of
Avignone and Hopki. nsio is from our present cal-
culation.

Figure 2 illustrates the crucial role played by
the unknown nuclei. These nuclei contribute rela-
tively little to the integral quantities, such as the
total number of electrons (or P,), the total elec-
tron energy, and the total fission yield. Their
contribution to the high energy tail of the spec-
trum is, however, greatly enhanced. This crucial
role of the unknown nuclei was not sufficiently
stressed in previous studies of the problem 8

The actual form of the theoretical P-feed func-
tion b(E,) [Eq. (4)] is illustrated in Fig. 3 and

compared with experiment. " The agreement in
this particular case is excellent. The qualitative
features of b(E,) are similar in all nuclei. They
are related to the fast increase of the nuclear level
density p(E,„,), which competes with the fast de-
creasing - (Q+ m, c' —E,„,)' spectral shape factor.
Our results are relatively insensitive to the dis-
tribution of the 1 —o. ' feeding among the states be-
low the pairing energy I'.

k'IG. 3. P feeding for the decay of 8~Br, Q =8.0 MeV.
The full histogram shows experimental data of Ref. 15
and the dotted histogram shows the calculated results
using Eq. (4).

dence of n(Z, E) and assume that the number of
electrons per MeV is equal to

oo

Y(E )= dEn(Z, E)k(Z, E)E (E —E ) G(E, Z),

where k(Z, E) is the normalization for the allowed
spectrum. The end point distribution n(Z, E) is
then equal to

y(E)
2k(Z, E) dE' E'G(E, Z))

An example of the resulting end point distribution
n(Z, E) is shown in Fig. 4 for two extreme values
of Z. We see that this function is practically in-
dependent of Z, thus giving a poste~io~i justifica-

n(E)
1.4—

III. RELATION BETWEEN REACTOR ELECTRON
AND ANTINEUTRINO SPECTRA

In the P decay of a fission product with a given

Q value two particles are emitted: an electron of
.total energy E8 = Q+ m, c' —E„and an antine-utrino
with energy E„-. Obviously, both spectra are de-
termined by the same function n(Z, E= Q+ m, c')
which describes the distribution of end points in Z
and E. The question arises whether, given an ex-
perimentally measured electron spectrum, one can
infer the function n(Z, E) and determine the anti-
neutrino spectrum. It was our objective to study
quantitatively the accuracy of this method, first
proposed by Muelhause and Oleksa, ' and further
developed by Carter et aL'

Following Ref. 6 we shall neglect the Z depen-

1.2

1.0

0.8

0.6

0.2

J I I I I

2 3 4 5 6
E(MeV)

I I

7 8

FIG. 4. The end point energy distribution function
p(Z, E), Eq. (8) in arbitrary units. The full curve
i.s calculated for Z = 60, the dashed curve for Z =32.
As input the electron spectrum of ~3~& in column 4,
Table III, is used.
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tion of Eq. (7). We have verified that the function
n(Z, E) depends only slightly on Z in all the cases
we studied.

Thus it appears that we have arrived at a "uni-
versal" end point distribution function, which can
now be applied to generate the reactor antineutrino
spectrum

%cone(Ep) —Ngener (Ep)
Ngener (Ep)

(10)

Such a conversion method, together with an ac-
curate experimental e spectrum, may be a valu-
able tool in the attempt to derive a correct v,
spectrum.

X(Z, E„-)= dEn(Z, E)y(Z, E)
2E-+m8C

V

x E„-'(E E„)'G(E-E-„,Z). (9-)
r

Since the "'U fission products are distributed in
two peaks at low and high mass regions, it seems
reasonable to express the reactor v, spectrum as
the average of the two spectra evaluated at the
mean charge of each peak. The final antineutrino
spectrum depends only slightly on the actual pre-
scription for this averaging, as long as both peaks
in the fission fragment distribution are included
with equal weight.

We tested quantitatively the accuracy of the
above procedure for various electron spectral
shapes 1'(Eg). This was done by generating both
the electron and antineutrino spectra using the
program described in Sec. II, and then converting
the electron spectrum into the antineutrino spec-
trum. We find that the conversion program has
accuracy of better than 10%,at each energy up to
-'7.5 MeV for typical electron spectra. This is
illustrated in Fig. 5, where the relative error of
conversion is plotted:

where energies are measured in MeV and

G2
8.85 x 10 44 cm/MeV' = —(Igc)'(f'+ 3g'),

g/f = 1.23, G= 1.0 x 10-'
M c'' (12)

Figure 6 shows the cross section for a given posi-
tron kinetic energy E,.(the small neutron recoil
is neglected), thatis (11) multiplied by the corre-
sponding v, spectrum. When integrated over all
positron energies one obtains the total cross sec-
tion in units of 10 '4 cm'/fission equal to 60 for
the v, spectrum calculated here and 80 for the v,
spectrum of Ref. 10. The experiment' gives
56+ 8. This reaction is also of interest as a pro-
posed detector of possible neutrino oscillations. ""

The antineutrino electron scattering v, + e —v,
+e is perhaps the most interesting on our list.

sponding reaction rates. We discuss in more de-
tail the four antineutrino-induced reactions listed
in Table I. To stress the sensitivity of the results
to the shape and magnitude of the reactor anti-
neutrino spectrum, we compare our present re-
sults with the most recent calculations of Ref. 10.
We do not show the "theoretical error" in our
plots. One should remember, however, that we
estimate a theoretical uncertainty gradually iri-
creasing from -10%.at E„=2 M-eV to -30% at E„
=8 MeV.

The inverse neutron P decay v, +p —n+ e' is the
reaction with the 'largest cross section on our list.
For monoenergetic antineutrinos the cross sec-
tion is given by the expression

o'(E„-)= 8.85 x 10-"[E (~ if Ir) p'c]

x ( (Ep
- ( M„- iIrf, )c']' —(m,c')'}'"cm',

IV. APPLICATION TO ANTINEUTRINO-INDUCED

REACTIONS

In this Section we apply the resultant antineu-
trino spectrum to the calculation of the corre-

C!O

dE

20-

+8
+6-
+4
+2

0

I I I I I

I 2 3 4' '5 6 7
E~(Me V)

IO—

4 6
Ep(Mev)

I I I

2 - 4

E,, (MeV)

FIG. 5. The deviation 4 in percent, Eq. (14), for
the ' U fission (3 years exposure time) —full curve,
and SPu fission (7 days exposure time) —dashed
curve.

FIG. 6. Cross section for the reaction v+p ~+ g+

folded with the antineutrino spectrum, in 10 4 cm /MeV
fission. The present spectrum was used to calculate
the full curve, the spectrum of Ref. 10 was used in
calculation of the dashed curve.
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By measuring the differential cross section, i.e. ,
the electron recoil spectrum, one can obtain
valuable information about the structure of the
weak interaction Hamiltonian. For monoenergetic
P,'s and electron recoil kinetic energy T the cross
section is given by the expression4

da' E- G T 2

(Ic)' (c„+c„)'+(c, c„)' i-
V

/
1

l

c T
+ ' (c' —c')I (is)

Here C» (C„) is the vector (axial vector) coupling
constant. In the steinberg-Salam theory one has
C„=——,', C~= —', + 2 sin'8~. The observable electron
spectrum is proportional to the cross section

&~in.

where E„-"is the minimum antineutrino energy al-
lowed by kinematics. In practice, the antineutrinos
in the vicinity of minimal energy give the largest
contribution to the integral (14). Figure 7 shows
the cross section (14) integrated over an interval
1.5 MeV wide in the electron kinetic energy. Fu-
ture accurate measurements of the recoil electrons
in these energy intervals, combined with an ac-
cepted antineutrino spectrum, may constitute an
effective test of the Weinberg-Salam theory in the
leptonic sector.

The two deuteron-disintegration reactions have
higher thresholds (2.2S MeV for the neutral cur-
rent induced reaction, 4.03 MeV for the charged

iO-4'
cm2/fiss

E (Mevl

FIG. 8. The cross section of the reaction v+ d —n
+n+ e+ in 10 ~ cm/MeV fission. See the notation of
Fig. 6.

(15)V ~ g
++Ep g+

where E~ is the reaction threshold. The total
cross section in 10 "cm'jfission is equal to 1.2
for the present v, spectrum and 2.1 for that of
Ref. 10. The large difference between these two

current reaction) than the inverse neutron P de-
cay. This is one of the reasons for the corres-
ponding cross sections being smaller. Another
reason is the small overlap between the initial
bound and final continuum state. Only the axial
vector part of the weak current contributes to the
deuteron disintegration at reactor antineutrino
energies. In our calculation we use the cross
section formulas of Ahrens and Lang." The
formulas were derived assuming a zero effective
range of the nuclear forces. The meson exchange
effects, known to contribute -10%%up to the related
n-P radiative capture, are also neglected. All
of these approximations do not affect the main
features of our results.

For the charged current reaction T+ d -n+ n+ e'
we show in Fig. S the predicted positron spectrum:

O. I

I I I

0.2 03 0.4

$I Il e~
FIG. 7. The cross section for the reaction v+ e
v+ e as a function of the Weinberg angle 8~. The

lower set of curves corresponds to the integral over
final electron kinetic energies T =3-4.5 MeV. The
upper curves are for T =1.5—3 MeV. In each ease
the full line was calculated with the present v, spec-
trum and the dashed line with the v~ spectrum of Ref.
10. The horizontal lines give the experimental limits
of Ref. 4 recalculated "per fission. "

I,O-

0.5—

E-„(Mev)

FIG. 9. The reaction rate o(E-„)N(E~) for the reac-
tion v+4 —n+p+ v in 10 em/MeV fission. See the
notation of Fig. 6.
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cross sections is related to the threshold; the
v, spectra differ more at higher energies. The
experimental cross section' is 1.8+ 0.9.

For the neutral current deuteron disintegration
v+ d-P+n+ v we show in Fig. 9 the reaction rate

(16)

The total cross section in 10 '4 cm'/fission is
equal to 2.9 for the present v, spectrum and 4.3
for the v, spectrum in Ref. 10. There are no
experimental data on this reaction at the present
time.

V. SUMMARY

We have verified that the high energy tail of the
antineutrino and electron spectra, depends sensi-
tively on the treatment of nuclei with unknown

P-decay schemes. The simple two-branch formula
for such decays, used in previous calculations,
considerably underestimates P branching to states
above the pairing energy and, consequently, over-
estimates the number of high energy antineutrinos
and electrons.

Besides using the most up-to-date experimental
data available on known P-decay schemes, fission
yields, nuclear masses, and Q values, we also
include in our calculation the continuous P-feed
results of Ref. 15. Thus our calculation reduces,
to the greatest extent possible, the uncertainties
present in the resulting spectra. Our treatment
of the unknown nuclei is based on experimental
studies of neutron-rich, high Q value nuclei, and
would thus appear to be quite realistic.

We stress the potential importance of experi-

mentally determined reactor electron spectra.
An accurate spectrum can be compared with our
results, testing our input data and prescription
for unknown nuclei. It can also be used, in con-
junction with the semiempirical conversion pro-
cedure discussed in Sec. III, to obtain the anti-
neutrino spectrum directly.

The application of our calculation to anti-
neutrino-induced reactions shows how sensitively
the final measured cross sections depend on the
input spectrum. Among the reactions we dis-
cussed, the situation is most critical in the case
of the charged current deuteron disintegration,
where the total cross section differs by a factor
of 2 between our results and those of Ref. 10.
On the other hand, the difference is considerably
less (-30%) in the inverse neutron P decay and
in the antineutrino electron scattering.

Note added in Proof. The weak neutral and

charged current deuteron disintegration was ob-
served in the recent work by Pasierb et al. [Report
No. Uc Irvine 10P19-136 (unpublished)j. The mea-
sured cross sections, expressed as ratios to our
predictions in Table I, are 0.8+0.2 (neutral cur-
rent) and 0.7 +0.2 (charged current).
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